Plant biomass is the most abundant natural resources on earth. However, current strategies for the utilization of agricultural biomass is far from efficient, thus environmental issues related to incompetent management of biomass prevail. Innovative handling of surplus biomass can yield several rewards, which includes renewability and sustainability of the commodity as feedstock for industrial and energy purposes. In fact, an array of different parts of a plant or agro-industrial biomass, for instance, shell, husks, wood, and leaves were successfully converted into advanced carbon materials, for use as absorbent, catalyst enzyme support, electrode, etc. In this review, an extensive literature survey related to areas of renewable sources of biopolymer in both the agricultural and industrial sectors were performed. Information on their industrial value and uses, the fundamentals of their extraction alongside the benefits and major drawbacks of their utilization, are also highlighted. We aim to show that the smart utilization of unwanted agro-industrial biomass encompasses a portion of a bigger scheme that intelligently uses biomass to complement current agricultural advancements that create smart crops and growing them using cleverly designed technology. The best part of this "Waste to Wealth" concept is that every part of the crop is fully utilized. However, a set of clear criteria must be in place to ensure a sustained momentum, so that the green approach of responsible biomass utilization will be fully embraced by nations worldwide.
Introduction
Biomass-derived from both whether living or non-living organisms, as well as can equally apply to both animal and vegetable derived materials. Others have described that the term 'biomass' is related to the organically based waste matter of plant and animal origins [1, 2] , in which sewage and municipal solid wastes are also found in this category [3] . Whereas Kwietniewska and Tys [4] described biomass rather differently, namely as the biodegradable fraction of agricultural products, wastes, and residues, including those of vegetable and animal substances, alongside wastes from forestry and related industries. In their definition, the biodegradable fractions of municipal and industrial wastes were also categorized as biomass. Whereas, in its simplicity, biomass may be regarded as the carbon, hydrogen, oxygen, sulfur, and nitrogen atoms in organic matters [5] . Agricultural by-products are also deemed as biomass; an important renewable and low-cost material as feedstock [6] .
Notably, plant biomass is the most abundant natural resources on earth, by which the carbonbased chemical composition can be processed into different kinds of advanced materials. Alongside the carbon-based chemical composition of plants, small quantities of other atoms such as alkali, alkaline earth, and heavy metals are also present [7] . To add value to the unwanted biomass, a sustainable path has been recognized by different means of converting the biomass into high-quality products [8] . It has been shown that a range of different parts of plant biomass, for instance, shell, husk, wood, and leaves, were processed into functional advanced carbon materials. Their purposes were to be used as absorbent, catalyst, enzyme support, electrode and etc [7] . In the case of agricultural by-products, the current trend of usage, however, fail to explore the potential economic benefit of biomass. Instead, most are used as feedstock for combustion processes. This is somewhat a waste of resources as there are numerous reports on plant biomass fibers being utilized for their excellent and outstanding properties. Among the usages include the reconditioning and converting the biomass into nanoparticles into reinforcing fillers in enzyme support and as renewable sources for making pulp and paper [5, 9, 10] . Plant fibers have been successfully re-fashioned into bio-composite and hybrid composites for the furniture industry, too [5, 9, 10] .
Therefore, it makes sense that transforming plant biomass into high-quality products can assist nations to boost their economies without jeopardizing the environment. Moreover, reconditioning of biomass liberates lower quantities of carbon dioxide into the atmosphere. The current trend in the past decade has shown a growing momentum towards sustainable agro-industrial processes. This where research into alternative and efficient ways to manufacture high-value products from renewable resources takes center stage [11] . More so, when current strategies for utilization or disposal of agricultural biomass, particularly those produced by large plantations are far from efficient and have appreciably contributed to the current level of pollution [12] . There are several inherent advantages when the surplus produced biomass is properly managed. One of such is the renewability and sustainability of this commodity as feedstock for industrial and energy purposes [13] . Biomass also plays a role of decarbonizing the agricultural sector using biochar and in production of renewable chemicals [14] . Additionally, several natural organics (cellulose, hemicellulose, lignin, and chitin) [15] [16] [17] and inorganic (silica) polymers, have been sourced from biomass and used as feedstock for industrial applications [2, 18, 19] .
For this review, we present an extensive literature survey related to areas, in particular, renewable sources of biopolymer from both the agricultural and industrial sector. This review aims to highlight the two different categories of biogenic polymer, namely the inorganic and organic, alongside examples of the currently most abundant and exploited biopolymers viz. i) cellulose and nanocellulose as well as ii) chitin and chitosan for the organic polymer category; lastly iii) silica and its derivatives from the inorganic category. The chemical structure of each biopolymer from different biomass is also depicted. This is to ensure that the readers can fully view and truly understand the commercial potential of the biopolymers, by which the unlocking of these chemical potentials can be achieved with the use of a suitable combination of enzymatic and/or chemical treatments. In addition, materials related to the industrial value and uses of these biopolymers, as well as the fundamentals of their extraction along with the benefits and major drawbacks of their utilization, are also highlighted. In essence, this article seeks to establish a bird's eye viewpoint of previous research carried out on these biopolymers. The review highlights the sources of biomass for their extraction, in conjunction with current extraction methods that are employed to harvest the biopolymers. This is to enable readers to hone-in on the possible gaps pertaining to studies related to greener and responsibly-sourced polymers, specifically from the context of agro-industrially biomass, available in their home country.
Several
scientific databases such as ScienceDirect, Springer, and Taylor & Francis, Web of Science (WOB) and Scopus, were explored and scrutinized when assembling this mini-review. In fact, much of the perspectives presented in this review were sought from research papers and reviews published between 2008-2018, so as the information is more recent and agree with recent changes in manufacturing and research trends. It is hoped that the information provided here will be helpful to researchers, providing insights into the chemical compositions of the different sources of biopolymers, as well as the different techniques used to extract the components of the biopolymers for further transformation. In addition, we wish to instigate awareness among readers as to the scientific potential and commercial value of agroindustrial biomass that is unique to their home country, if the biomass is utilized to their fullest potential. Turning "Wastes to Wealth" is the way forward.
The Reservoir of Renewable Biopolymers
This review will focus only on two categories of polymers, mainly organic and inorganic, of which can be derived from lignocellulosic materials from agro-industrial and municipal wastes. This also includes organic polymers from the exoskeleton of invertebrates such as shrimp and beetles. Whereas, inorganic wastes, interestingly may also be harvested from natural resources, for instance, oil rice husk, wood chip, pineapple peels, sisal fibers, seeds of fruits and oil palm tree. The following subsections highlight the organic-based polymers and relevant processes used to treat the biomass before their extraction. This is followed by discussions on sources of renewable inorganic polymers, and techniques of their isolation and purification.
Organic Biopolymers Cellulose and nanocellulose
In the case of plant-based polymer sources, it is the lignocellulosic part that has found importance and applications in the industry. The lignocellulosic part of oil palm refers to the organic substances such as cellulose, hemicellulose, lignin and their extractives [1, 20, 21] . Lignocellulosic biomass is regarded as a low value because of the complexity of the biopolymer which is comprised of cellulose, hemicellulose, and lignin. Cellulose is the main component in the plant fiber and has an ability to form strong hydrogen bonds between the hydroxyl groups. Whereas, the remaining plant components are hemicellulose and lignin. Lignin is the crosslinked phenolic polymer while hemicellulose is a branched polysaccharide polymer constructed from different types of sugar [22] . It was estimated that global lignocellulosic biomass constitutes a whopping 1.3×1010 metric tons per year [23] , a clear indication of the high availability of the biomass for potential transformation into commercial valuable components, i.e. nanomaterials or composites.
Cellulose
is constructed from linear polysaccharide chains of D-glucose units, where each unit is linked by β-(1→4) glycosidic bond with the repeating unit of cellobiose (Scheme 1). The anhydroglucose unit of cellobiose is made up of three hydroxyl groups, linked by strong intramolecular hydrogen bonds to the adjacent glucose units in the same chain, as well as by intermolecular hydrogen bonds with other chains. The well-packed crystalline regions of the cellulose fibrils are tough and fibrous, and this polymer is also characteristically insoluble in water and impervious to most organic solvents. Most importantly, this biopolymer is naturally abundant in hydroxyl groups [24, 25] which permit further chemical modifications. Four kinds of cellulose allomorphs exist, viz. types I, II, III, and IV. The type I refers to native cellulose that is constructed of a parallelly packed hydrogen-bond network. Chemical treatment of cellulose type I through dissolution in a solvent or swelling in alkaline or acid solution affords the Type II cellulose. The random chemical treatment causes the Type II cellulose to exhibit an array of antiparallel packed hydrogen-bond network. Conversely, type III is produced from treating cellulose types I or II with ammonia, whereas the type IV cellulose is prepared by heating cellulose III to 260°C in glycerol [25, 26] . In order for the biopolymer i.e. cellulose to be useful for industrial applications, particularly as a precursor material for fabricating nanoparticles of cellulose (nanocellulose), both the hemicellulose and lignin components must be removed to obtain the nano dimension fiber [22] . The molecular structure of cellulose is said to be exceptionally stable, and that an unassisted degradation of this biopolymer can take as long as 5 million years [27] .
The reason being that cellulose is structurally entrapped by the cell-wall components. This renders limited access of biodegrading enzymes to breakdown of the complex network into shorter repeating units of monosaccharides [15, 28] . Conversely, the chemical route, on the other hand, utilizes different types of acids to digest cellulose. The two classical methods typically used are the acid-chlorite and alkaline treatments. These two consecutive chemical treatments are important for treating the lignocellulose to obtain pure cellulose. The delignification or bleaching process by acidchlorite treatment is commonplace in pulp industries. It involves the integration of sodium chlorite, distilled water, acetic acid with lignocellulosic biomass at 70-80°C for 4-12 h, followed by washing in copious amounts of distilled water till neutrality and then followed by drying. The process removes a large portion of lignin leaving behind small quantities of hemicellulose to afford the holocellulose. Thus, a consecutive alkaline treatment was needed to eliminate the remaining hemicellulose. This involves the stirring of holocellulose in 4-20 NaOH solution (wt, %) for 1-5 h before the solid is thoroughly rinsed and dried at 50°C [26] .
The current enzymatic degradation of cellulose according to the revised model by Elwyn et al. is based on the activity of hydrolytic cellulase enzymes that hydrolyze the cellulosic material in three simultaneous steps [29] . The glycosyl hydrolase (GH) enzyme family is the enzymes typically used for depolymerizing the complex lignocellulosic biomass before further biotransformation processes may be done to afford cellulose-based value-added products. In fact, the GH enzyme family is the enzyme of choice to degrade biomass. The process is simple in which the biomass serves as the main carbon source for microbial growth [30] [31] [32] . The result of the fermentation process produces sugars and then proceeds to enzymatic saccharification to yield bioethanol [31, 33] . To a minor extent, the enzyme cleaves and purifies the cellulose function as nanofillers in hybrid nanocomposite [2, 19, 34, 35] . Table  1 outlines the different types of cellulases from the GH family typically used to degrade lignocellulose.
Literature have shown that the preparation of nanocellulose from pure cellulose may be done using three different extraction techniques. In this review, nanocellulose extraction by a) enzymatic hydrolysis, b) acid hydrolysis and c) the mechanical process will be discussed. However, data on the use of enzymatic hydrolysis for nanocellulose production is uncommonoutcome indicated only the following are available. The enzymatic hydrolysis of cellulose fibers to obtain nanocellulose involves the use of biological enzymes to digest or modify the fibers under mild reaction conditions and should support maximal enzyme activity. However, there is a downside to the enzymatic hydrolysis technique, where an extended operation time is often required for the enzyme to sufficiently degrade the biomass. This is mainly because of the mild nature of the digestion process that is carried out at near ambient conditions.
Nonetheless, the rate of enzymatic hydrolysis of cellulose fibers is often improved by combined treatment with other methods, for instance, by physical process or by acid hydrolysis. For it to work, different enzymes are employed to breakdown the different types of linkages in the hemicellulose, lignin and cellulose components in the plant fiber. This improves efficacy of the next nanocellulose extraction step. The types of enzymes or microbes used in the enzymatic hydrolysis of cellulose in combination with other physical or chemical techniques are presented in Table 2 . Table 2 . Enzymatic hydrolysis of cellulose fibers to produce nanocellulose.
Type of biomass Enzymes/microbes/physical and/or chemical methods Reference
Wood chips Pretreatment of the cellulose fibers with ionic liquid followed by hydrolysis by laccase [36] Cotton fibers Treatment with cellulolytic fungus Trichoderma reesei followed by digestion with concentrated sulfuric acid [37] Urauá and sugarcane bagasse Enzymatic hydrolysis of urauá and sugarcane bagasse fibers by a concoction of endoglucanase, hemicellulases and pectinases followed by sonication [38] Banana peels Alkaline treatment, bleached and acid hydrolysis, followed by enzymatic hydrolysis using xylanase [39] Cotton linters Pre-treatment with cellulase "C" from the fungal Cerrena sp. followed by hydrolysis with sulfuric acid and then sonicated [40] Soybean straw Alkaline digestion of the biomass followed by a triple bleaching process before enzymatic digestion using an enzyme cocktail Optimash™ VR [41] Acid hydrolysis remains an important process to extract nanocellulose from cellulosic materials. This sort of treatment hydrolyzes the disordered regions in cellulose chains but leaves the ordered regions intact. For this process, sulfuric acid remains the most used acid [26] . Aside from the easy isolation of nanocrystalline cellulose, the acid digestion method aids in stabilizing the nanocellulose colloidal system, as a result of the esterification of the hydroxyl group by the sulfate ions [42] . Also, the success of nanocellulose isolation rests on the appropriate use of temperature, reaction time, and concentration of acid during the hydrolytic treatment [43] . However, issue still remains with this method as the final rinsing process uses large quantities of distilled. A solution was proposed by Maiti et al. by using 0.5 N of sodium hydroxide solution to neutralize the suspension followed by a final rinse with distilled water [44] . Likewise, 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO) is utilized together with hypochlorite to oxidize the hydroxyl groups of cellulose to carboxylates. This is achieved by preparing a solution of TEMPO/NaBr/NaClO in the water at highly basic condition. The prepared mixture helps in the dissolution process of all components upon the addition of TEMPO and NaBr. The oxidation reaction on the biomass is initiated upon the addition of NaClO. Interestingly, this method shas been found to produce nanocellulose of uniformed diameters between 3-4 nm and a few microns in length. The carboxylic acid surface of the resulting nanoparticles also exhibited a high aspect ratio [45] . Table 3 represents previous studies that used a combination of acid hydrolysis and alkaline treatment to extract nanocellulose from different biomass.
Lastly, nanocellulose may be produced via mechanical processes where this technique characteristically produces cellulose nanofibrils, instead of the crystalline-structured nanocellulose typically produced through chemical treatments on biomass. For brevity, ultrasonication, high-pressure homogenization, and ball milling are among the methods used in this approach [26] . Ultrasonication relies on the hydrodynamic forces of the ultrasound waves to defibrillate the cellulose fiber. The mechanical oscillating power that tears up the complex cellulose structure results from the formation, expansion, and implosion of microscopic gas bubbles when the ultrasonic energy is absorbed by the surrounding liquid [61] . The process of ball milling, on the other hand, defibrillates cellulose fibers using the centrifugal force produced by a rotating jar. Ball milling has been extensively used for grinding materials and particle refinement since the 1990s. The main components of the machine consist of various sizes milling balls contained within the milling jar or vessel [62] . The resultant shear forces generated among the balls and between them, as well as the surface of the jar then crack the cellulose fibrils into smaller sizes and diameters. The process disrupts the cellulose structure into finer fragments while the surface area of the nanofibers increases with increasing milling time.
However, because of the high energy consumption of the ball milling process, this process is often integrated with other pretreatment methods to make it more energy-efficient [63] . Ball milling is often the preferred pretreatment process before hydrolyzing cellulose and biomass for the manufacturing of valuable chemicals. To date, different types of biomass were investigated for the production of nanocellulose via the top-down and bottom-up approach. The topdown approach involves disintegration lignocellulosic or cellulose biomass, for instance wood fibers, hemp, ramie, and cotton fibers, using physical forces into nanofibres. The types of physical forces include ultrasonication, highpressure homogenizers, and rotating stone grinders. Conversely, the bottom-up approach uses fermentation on low molecular weight sugars using cellulose-producing bacteria. This approach may be coined as 'natural cultivation of nanocellulose' since no chemical or physical means are used. Bacterial cellulose (BC) fibers produced by this technique are characterized by nano-sized ribbon-shaped cellulose fibrils with dimensions ranging from 25−86 nm and lengths as long as several micrometers [64, 65] .
Chitin and chitosan
Another organic form of the natural polymer is chitin (β-(1-4)-poly-N-acetyl-D-glucosamine). It is a naturally occuring aminopolysaccharide polymer obtainable from the exoskeletons of insects, crustaceans, as well as the cell walls of various fungi. Chitin is also the second most abundant natural polymer after cellulose. This naturally ordered macrofibrils can be sourced in abundance from shrimp and crab shells, mainly the byproducts of the food-processing commerce [66] . However, one should note that differences sources of chitin may yield three different types of allomorphs, namely the α, β, and the recently described γ-chitin. All the allomorphs of chitin can be ascertained using solid-state NMR, infrared spectroscopy and by X-ray diffraction [67] . Illustrations of the different chains of chitin are shown in Figure 2 . The word 'chitin' was coined from the Greek word 'chiton' which means 'a coat of mail' [68] . A matter of fact, the French chemist Henri Braconnot first used this word in 1811. Chitin is a nitrogenous compound with a molecular structure of (C8H13O5N)n, very much like cellulose [66, 69] . The difference is that chitin has monomeric units of 2-acetamido-2-deoxy-β-D-glucose that are linked by β(1→4) bonds. This biomass normally takes the form of a white and hard inelastic polysaccharide, similar to the form of the exoskeletons of shrimps and crustaceans. Interestingly, while chitin has been thought to be a derivative of cellulose, the biopolymer has never been discovered in cellulose producing organisms [70] .
The insufficient utilization of this biopolymer has contributed to beach pollution in many coastal areas worldwide. It is estimated that the annual global natural production rate of chitin is approximately 10 11 tons [71] . Likewise, crystalline microfibrils of chitin are found as structural foundations of the exoskeletons of arthropods, as well as the cell walls of fungi. To a minor extent, chitin is also produced by other living organisms of the lower plant and animal kingdoms [67] . Remarkably, there are not much quantitative documentation of long-term accumulation of chitin in nature. This essentially inferred a balance production, degradation and turnover of chitin despite the naturally high production rate. This is consistent with several discoveries of chitindegrading or chitinase enzymes in many organisms which recycles the polymer back to nature [66, 72] .
Chitin can be functionalized and converted to its famous deacetylated derivative, chitosan by means of an enzymatic route assisted by chitin deacetylase or chemical deacetylation using a concentrated NaOH solution to yield monomer units of chitosan that consists of β-(1,4)-2-amino-2deoxy-β-d-glucose. Chitosan has the molecular structure of (C6H11O4N)n and is found as a white water-insoluble powder [73] . The preparation and structures of chitin and chitosan are illustrated in Figure 3 . The exceptional biochemical properties of chitin and chitosan, viz. biodegradability, biocompatibility, ability to form films, and many more, have seen these natural biopolymers being extensively used for biomedical applications. Not only that, both chitin and chitosan are reported to exhibit good antimicrobial activity, as well as excellent hydrating agents [74] .
Figure 3. The preparation and structures of chitin and chitosan
The advent of nanotechnology in the last decade has further intensified the use of chitin and chitosan-based materials for different applications. Both chitin and chitosan are prevalently employed to fabricate polymer scaffolds, in particular, tissue engineering for tissue repair and regeneration [75] . The high porosity, predictable degradation rate, structural integrity alongside biodegradability, nontoxicity to cells and biocompatibility are key features to their wide usages in the biomedical field [66] . The α-chitin/nanosilver composite scaffolds were first investigated for wound healing. Researchers found the scaffolds effective in inhibiting growth of bacteria Escherichia coli and Staphylococcus aureus, along with the promotion of blood-clotting. Also, βchitin/nanosilver hydrogel was found efficacious in promoting wound healing. Likewise, water-soluble carboxymethyl chitin prepared by a cross-linking approach using CaCl2 and FeCl3 was used with good success to deliver the anti-cancer drug 5-fluorouracil without showing toxicity to normal fibroblast L929 mouse cells [76] . Meanwhile, sulfate derivatives of chitin have been investigated as anti-thrombogenic and haemostatic materials. Chitin 3,6-sulfate showed blood two-fold anticoagulant activity and 0.1-fold lipoprotein lipase (LPL)-releasing activities as compared to the control heparin. This outcome indicated the suitability of this modified chitin as heparinoids for artificial blood dialysis [77] .
On the other hand, chitosan is a crucial component of preparing designer nanocarriers in microencapsulation technology. This polymer has successfully given rise to uniquely designed chitosan-based nano or microparticles exhibiting specific dimensions and cargo-release features [66] . The various applications of chitosan-based microencapsulation include drug delivery, biologics, and vaccines. Chitosan-gelatin complex was developed as a surgical dressing by Sparkes and Murray in 2010 by dissolvingchitosan powder in water in the presence of a suitable acid followed by gelatinization and the addition of plasticizer before casting.
Nearly a decade ago, semiconductor nanocrystals chitosan-coated qunatum dots were applied for improving bio-imaging of cancer cells [76] . Tokoro et al described chitosan and its derivatives showing promising anti-tumor activity in both in vitro tests and in vivo animal models [78] , by boosting secretions of interleukins-1 and 2 that accelerated rates of maturation and infiltration of cytolytic T-lymphocytes into tumor cells [79] . Similarly, intranasal chitosan glutamate was developed as a vaccine adjuvant to a diphtheria antigen, CRM197. Another form of intranasal chitosan glutamate, i.e. the chitosan glutamate and N,N, N-trimethylated chitosan were employed as adjuvants for an inactivated NIBRG-14 (H5N1 virus) subunit antigen of the influenza antigen A/Vietnam/1194 [80] . Finally, chitosan was used as a treatment to inhibit growth of Fusarium, Alternaria, and Helminthosporium. The cationic amino groups of chitosan were believed to interact with the anionic groups of microorganisms and interfered with their growths [66] . Well-reported optical clarity, mechanical stability, permeability towards oxygen, wettability, and immunological compatibility of chitosan have led to this biopolymer being extensively use to manufacture contact lenses. Chitosan-based lenses are also convenient as an ocular bandage for traumatic injuries due to its wound-healing properties, antimicrobial activity and film-forming capability [81] . The bioactivity and current applications of chitin and chitosan are summarized in Table 4 . Table 4 . Bioactivity and applications of chitin and chitosan.
Biomass/Monomer/ Molecular formula

Source Activity Applications
Chitin β-(1-4)-poly-N-acetyl-D-glucosamine (C8H13O5N)n Exoskeletons of shrimp, crabs, fungi, and crustaceans Antimicrobial Hydrating Antithrombogenic Anti-coagulant Haemostatic Polymer scaffolds, Tissue repair and regeneration [75] Wound healing [76] Promote blood clotting Drug delivery system [76] Heparinoids for artificial blood dialysis [77] Blood anti-coagulant [77] Chitosan
The deacetylated derivative of chitin after treatment with NaOH Antimicrobial Anti-helminthic Hydrating Anti-tumor Film-forming Oxygen permeable Microcarriers for micro-and nanoencapsulation [66] Delivery system for drug, biologics, and vaccines [76] Chitosan-coated quantum dots for bioimaging [76] Vaccine adjuvant [80] Component of contact lenses and ocular bandage [81] Wound healing [81] 
Inorganic Biopolymer Silica and its derivatives
Silica forms an important structural component of plants that offers stiffness to the cell wall, with resultant rigidity and enhanced mechanical strength [82, 83] . In plants, silica functions as a physical barrier that shields plants from both biotic and abiotic stresses, aside from improving heat tolerance. It also somewhat protects the plant from intruding herbivores [84, 85] . The mechanism of biogenic silica production in plants was thought to occur by the polymerization of Si(OH)4 and [SiOx(OH)4-2x]n that the plant obtains from soil. Silica cells present in plants mediate the conversion of silicic acid into silica according to a predetermined physiological process. The process starts from the simultaneous deposition of silicon as silica within and in between cells, and in tissues of the plant material. The resultant structures are normally amorphous and known as phytoliths or silica bodies [83] . Biogenic silica matrix is often found in the outer epidermal walls of plants and within the lumen of epidermal cells To date, silica structures can be found in various agricultural biomass, among included are oil palm leaves, rice husk, bamboo, sugarcane bagasse, salt grass species, other species of grasses and several other plant materials [2, 19, 86] . Malaysia being among the largest producers of palm oil has the second largest plantations in the world after Indonesia [86] , in which silica may be easily obtained and used as a potential biopolymer commodity after the cellulose has been extracted. Tables 5 and 6 denote the chemical composition of oil palm leaves and the different biomass by which silica was successfully extracted. Conventionally, the primary routes for producing amorphous silica from agricultural biomass are thermo-chemical [104, 105] and hydrothermal methods [106] . It is worth highlighting here that alternative amorphous biogenic silica manufacturing methods from biomass as the starter was available for the past two decades. Among the techniques used were microwave-hydrothermal [107] , bioleaching biotransformation [108] , and worm bio-digestion [109] . Correspondingly, extraction of silica from a myriad of grasses were documented by earlier researchers [42, 95, 110, 111] .
The chemical reaction to extract silica from agricultural biomass ash can be summarized by the following chemical equations.
SiO2 + 2NaOH
2SiO3 + H2O (1) Na2SiO3 + 2HCl
SiO2 + 2NaCl + H2O (2) Silica is widely employed as a precursor for different materials in synthetic chemistry application to produce smart materials. This includes thin film or coating for electronic [112] , catalysts [2, 19] and optic materials [103, 113] , as well as applications in fields of chromatography [114] and ceramics, and as an anti-corrosion agent [115] . Moreover, employment of high purity silica for industrial manufacturing can be quite a costly affair due to its high 1700 °C melting point. The amorphous nature of agricultural biomass SiO2, on the other hand, merits its extractability at lower temperatures of only 500-600 . Most importantly, amorphous SiO2 is said to be more reactive relative to its crystalline counterpart [116] . It is clear that biogenic silica from agricultural waste is an alternative to the more costly inorganically-sourced silica [112] . Biogenic silica extraction from agricultural wastes uses less energy intensive methods such as acid leaching in combination with alkaline treatment and precipitation with acid [2, 42, 95, 117] . Furthermore, the utilization and conversion of agricultural waste product into commercially valuable products is a smart and feasible two-prong strategy that can alleviate issues of growing deposits of biomass in the environment. Not only that, the approach is potentially useful as another means to generate income for various nations.
Literature have shown that biogenic silica from biomass can be used in its pure form or in combination with other materials as a nano-filling agent. As shown earlier, purified biogenic silica from sugarcane bagasse was used as the starting material for synthesizing SBA-15 [101] . Moreover, pulverization of rice husk silica to very fine powder has become commonplace as a renewable natural feedstock for applications in cosmetics and foods industries, namely as fillers. The suitability of silica for use in these industries has to do with the characteristic its feature that is abundant in surface polar groups comprising of siloxanes (Si-O-Si) and silanols (Si-OH) [118] . Both groups are easily tunable for conversion into industrial feedstock, and have served as precursors for a myriad of industrial applications.
The use of nanocomposites has widened over the years following improved properties, such as antimicrobial, mechanical, or physical properties of the new composite material [119] . Modified biogenic silica extracted from rice husk ash was explored as an inexpensive silica nanofiller to improve dental composites [92] . The resultant composite was tougher than the pure polymer, as such properties do not occur naturally in the biopolymers themselves. Improved mechanical strength are gained following additions of nanofillers into the composites [119] . A study by Noushad et al. found the new nanocomposite exhibited improved strength over the commercial dental composite, Filtek™ Z250. The new composite showed improved flexural strength to 107 MPa, flexural modulus of 6.2 GPa, a compressive strength of 191 MPa, Vickers' hardness of 39 HV1 and surface roughness of 0.057 Ra [92] .
The modification of silica into biomaterials for enzyme immobilization, i.e. lipase, is also another notable process, accounting for SiO2 being a popular choice for support enzymes [19, [120] [121] [122] . Silica being toxicologically safe and possess an inherently well-organized pore geometry and narrow pore size distribution makes it an excellent raw material for immobilizing enzymes [118] . This is because the porous nature of silica protects the enzymes against chemical, physical and microbial attacks. Protection comes from the presence of a large network of channels within the structure of silica [123] . Table 7 summarizes the current applications of biogenic silica.
In truth, despite the numerous benefits of a greener bio-based materials technology using biogenic silica, the success of this technology essentially hinges on the availability of a diversity of agricultural biomass sources throughout the year [5] . 
Rice straw
Fillers in cosmetics and foods [118] Filler in dental composite [92, 119] Support material for enzyme immobilization [2, 5, 19, [120] [121] [122] [123] Filler for cement [87] Filler for concrete [88] Oil palm leaves Support material for enzyme immobilization [2, 5, 19] Oil palm flue ash Filler for cement [87] Filler for concrete [88] Sorghum Starting material to prepare analcime zeolite [100] 
Conclusions and Future Directions
In truth, all three major biogenic polymers discussed in the review suffers a common set of drawbacks, in terms of acceptance and their prevalent commercial utilization. To many manufacturers, the economics of harvesting cellulosic materials, chitin or silica from agroindustrial biomass would mean a hefty investment into specialized machinery and large-scale reactors or bioreactors. Though it may be less of a problem for developed nations, but big investments by manufacturers in developing countries is somewhat of a no-no. Whether we like or not, this is the current preference of many commercial manufacturers from such nations, in which for the most part, are only users of technology and not producers. Consequently, without adequate capital investment in high-end and large scale machineries, biogenic silica, as well as cellulosic and chitin-based polymers, cannot be manufactured and distributed in large quantities to meet global demands.
Another common drawback that limits the utilization of biopolymers involves the acceptance of these biogenically sourced polymers by consumers and the manufacturing sector. Despite dwindling fossil fuel reserves, as well as substantial advancements in polymer and composite technology, we are too accustomed and dependent on fossil fuels to provide the starting materials to polymer manufacturing. Therefore, we have largely not considered any other alternatives. This is due to the general notion that there are many undiscovered oil reserves, and the majority of the population cannot even fathom the thought that discarded agroindustrial biomass will have a place in the manufacturing, construction, food, biomedical or aerospace industries. These mindsets must first be changed before we can progress further towards a foreseeable greener future.
However, the world should expect to see a paradigm shift in the next few decades wherein biomass from the agro-industrial sectors will gradually gain acceptance as among key polymer sources to fabricate smart materials. This approach will bring the much-needed benefits in the long run as it will help alleviate prevailing environmental issues that normally ensue a growing global population. Moreover, bio-based polymers such as chitin, chitosan, cellulose, and biogenic silica are proven to be comparably useful and functional as synthetically produced polymers in the manufacture of advanced materials. Also, biogenic smart materials are produced under lower energy and using greener manufacturing conditions. This in return, can offer potential cost-savings to manufacturers. It is only a matter of time and concerted awareness initiatives by governments worldwide before the population can readily embrace this greener technology. The driving force of the change will be in support of a more responsible and sustainable manufacturing environment, and more so, with the declining fossil fuel reserves.
Noteworthily, biogenic polymer technology will form an essential part of intelligent initiatives to use biomass. In addition, costs of greener production of smart materials from biogenic polymers can be further reduced when governments offer special incentives to industrial players that employ sustainably sourced materials and processes to manufacture their products. This initiative will also complement current agriculture advancements that develop smart crops with high harvest outputs using ingeniously designed technology. This "Waste to Wealth" concept can efficaciously utilize the whole crop, by which the seeds or fruits are consumed while the foliage and the stems are converted into smart materials that benefit mankind.
Though ideal it may sound, implementing such initiative remains somewhat challenging. A set of clear criteria must be in place to support consistent and strict monitoring of the whole process. Moreover, a sustained momentum will ensure the full acceptance of green chemistry through the efficient and responsible use of biomass. This, in turn, can aid in reducing carbon footprint in the environment. We can only hope that it will not be a passing trend, rather a reality in the near future.
